. Altogether, these results indicate that, in normokalemic rats, neither the K-ATPase form expressed in the collecting duct nor that of the proximal tubule and thick ascending limb is the colonic form. This suggests that three distinct K-ATPases are expressed in the kidney, which, for the sake of simplicity, will be referred to as type I for that present in the collecting duct of normokalemic rats, type II for that of the proximal tubule and thick ascending limb of Henle's loop of normokalemic rats, and type III for K-ATPase of the collecting duct of LK rats.
Results obtained by Zhou and Wingo (30) in the collecting duct of LK rabbits indicate that Sch-28080 not only reduced the transepithelial reabsorption of potassium and bicarbonate but also that of sodium (30). Because Sch-28080 is a rather specific inhibitor of K-ATPase, this finding suggests that K-ATPase from the collecting duct of LK rabbits might transport sodium as well as potassium. It was proposed that Na+ and K+ might compete for being transported by K-ATPase. Thus type III K-ATPase would differ from type II not only by its sensitivity to ouabain but also by its affinity for Na+.
The present study was therefore initiated to determine the pharmacological and kinetic properties of type III K-ATPase present in the collecting duct of LK rats and to compare them with those of types I and II previously characterized.
METHODS

Animals
Experiments
were carried out on normal and K-depleted (LK) Wistar rats weighing 170-220 g. LK rats were fed a K-depleted diet containing 1.5 meq K+/kg (212K, UAR) for 14 days, whereas normal rats were fed a similar diet supplemented with potassium (150 meq K+/kg). All animals had free access to food and were allowed to drink deionized water ad libitum.
Tubule Microdissection
After anesthesia (pentobarbital sodium, 50 mg/kg body wt ip), the left kidney was quickly perfused through the abdominal aorta with 4 ml of dissection solution (see composition below) containing 0.24% (wt/vol) collagenase (from Clostridium histolyticum, 0.32 U/mg; Boehringer, Mannheim, Germany).
Then the kidney was immediately removed and sliced into small pyramids, which were incubated at 30°C for 25 min in aerated dissection solution containing 0.15% (wt/ vol) collagenase. Pyramids were thoroughly rinsed in ice-cold dissection solution and stored in the cold until use.
Dissection solution contained (in mM) 137 NaCl, 0.8 MgSOd, 0.33 Na2HP04, 1 MgC12, 10 tris(hydroxymethyl)aminomethane hydrochloride (Tris l HCl), 0.25 CaC12, and 1 mg/ml bovine serum albumin, pH 7.4. and, consequently, we inferred that ouabain and Sch-28080 should compete for binding to K-ATPase. Thus Sch-28080 should displace ouabain bound to K-ATPase. In contrast, it should not alter ouabain binding to Na-K-ATPase, because we have previously reported that Sch-28080 had no effect on tubular Na-K-ATPase activity (3). These two hypothesis were confirmed a posteriori by the data (see RESULTS). Therefore, the number of K-ATPase units was determined as the binding of [3H]ouabain displaced by an excess of Sch-28080.
In brief, 10 samples of a given structure were transferred within 1 ul of incubation solution (see composition below) in a depression slide coated with dried bovine serum albumin and incubated for 15 min at 37°C. Then the samples were cooled, the segments of nephron were rinsed three times by sucking the medium surrounding the samples and replacing it by l-2 ul of ice-cold incubation solution without L3H]ouabain, and were kept at O-4" C for 60 min. After three additional rinsings, they were individually transferred with 0.2 ul of the last rinsing solution on a microscope cover slide. After the length of each sample was measured, they were dropped into counting vials containing 0. 
RESULTS
ATPase Activity
Sensitivity to ouabain. In this first experimental series, we evaluated whether K-ATPase activity from the collecting duct of LK rats (type III) was inhibited by ouabain. Data in Table 1 confirm that K-ATPase from the CCD and OMCD of normal rats (type I) was not inhibited by ouabain, even at a concentration of 30 mM. In contrast, type III K-ATPase from CCD and OMCD of LK rats was totally inhibited by this concentration of ouabain. Thus type III K-ATPase is sensitive to ouabain, as already described for type II K-ATPase present in the proximal tubule and thick ascending limb of normal rats (27) . OMCD of LK-rats (type III). Both activities were fully inhibited by 1 mM ouabain, but type II K-ATPase was slightly more sensitive to ouabain than type III [halfmaximal inhibitory constant (I&) in ;uM t SE: type II, 6.4 t 1.7, n = 4; type III, 20.0 t 5.0, n = 3; P < 0.0251. This suggests that type II and type III K-ATPase might be two distinct enzymes.
Activation by sodium. Next, we evaluated the effect of sodium on K-ATPase activity.
For this purpose, we determined the ATPase activity stimulated by addition of 70 mM NaCl in the absence of K+ to avoid stimulation of Na-K-ATPase activity. Results in Table 2 indicate that nephron segments containing type I (CCD and OMCD from normal rats) and type II K-ATPase (PCT, MTAL, and CTAL from normal rats) did not display any Na-activated ATPase activity. In contrast, addition of 70 mM Na+ induced a significant stimula- tion of basal ATPase activity in those nephron segments displaying type III K-ATPase activity, i.e., the CCD and OMCD of LK rats. Clearly, this Na-activated ATPase cannot be accounted for by contaminating Na-K-ATPase activity because 1) K+, necessary for stimulation of Na-K-ATPase, was absent from the assay medium, l 2) Na-activated ATPase was fully inhibited by lop4 M Sch-28080 (Table 2) , a concentration that does not affect Na-K-ATPase activity (3), and 3) under the same experimental conditions, Naactivated ATPase was not detected in nephron segments displaying type I and type II K-ATPase activities, although they contained Na-K-ATPase.
To determine whether Na-activated ATPase and type III K-ATPase activities are a single enzyme or originate from two distinct proteins, we evaluated whether or not the stimulations induced in the CCD and OMCD of LK-rats by Na+ and by K+ were additive. To eliminate any contribution of Na-K-ATPase to the activity determined in the simultaneous presence of Na+ and KS, we measured the Sch-28080-inhibited ATPase activities stimulated by either Na+, KS, or Na+ + K+. Results in Table 3 demonstrate that, in the collecting duct of LK rats, 1) Sch-28080-inhibitable Na-stimulated and K-stimulated ATPase activities are of similar magnitude and that 2) these two activities are not additive when the two cations are added simultaneously.
Together, these findings demonstrate that type III 1 In fact, Na-K-ATPase is able to pump Na+ in the absence of KS under two distinct conditions. 1) An Na+/Na+ exchange is mediated in the absence of K+ and the presence of Na+ on both sides of the membrane, i.e., a condition similar to that prevailing during our assay. However, Na+/Na+ exchange does not require ATP hydrolysis and therefore cannot contribute to Na-ATPase activity.
2) An uncoupled Na+ efflux is observed in the absence of K+ on both sides of the membrane and in the presence of Na+ inside the cell but not outside.
However, this process, which hydrolyzes ATP, is unlikely to account for the Na-ATPase activities measured in our experiments because, under our assay conditions (permeabilized cells), Na+ is present on both sides of the membrane, and, therefore, Na+/Na+ exchange rather than Na+ efflux is expected to occur. K-ATPase activity is stimulated either by K+ or by Na+, in contrast to type I and type II K-ATPases, which are specific for K+.
Sensitivity to Sch-28080. To further characterize the three types of renal K-ATPase present along the rat nephron, we compared their sensitivity to Sch-28080. Figure 2 displays the dose-inhibition curves of K-ATPase by Sch-28080 in the MTAL of normal rats (type II) and the OMCD of control (type I) and of LK rats (type III). All three activities were almost fully inhibited by Sch-28080 (10B4 M), but type I K-ATPase was slightly more sensitive to Sch-28080 than type III, which was itself more sensitive than type II (ICsO in uM -+ SE: type I, 0.25 t 0.05, n = 3; type III, 0.85 t 0.18, n = 3; P < 0.025 vs. type I; type II, 1.67 2 0.12, n = 3; P < 0.025 vs. type III). This further supports that types I, II, and III renal K-ATPases are distinct enzymes.
Type III, OMCD LK (Fig. 6, top) . In normal rats, Sch-28080-sensitive ouabain binding was detected in the MTAL and CTAL (2 fmol/mm) but not in the collecting duct, whereas, in LK rats, [3H]ouabain binding was measured in CCD and OMCD (1.2-Z fmol/mm) but not in the thick ascending limb of Henle's loop. The absence of Sch-28080-sensitive ["HI ouabain binding sites in the collecting ducts of normal rats and the thick ascending limbs of LK rats confirms that Sch-28080 does not alter ouabain binding to Na-KATPase, as the latter is present in these nephron segments. Similar profiles of distribution of ouabainsensitive K-ATPase activities (types II and III) were observed along the nephron of normal and LK rats (Fig. 6, bottom) .
DISCUSSION
It had been established previously that the renal tubule contained at least two different forms of KATPase (27), referred as type I and II here. Type I K-ATPase is insensitive to ouabain and is expressed in the collecting duct, whereas type II is inhibited by ouabain and is restricted to the proximal tubule and thick ascending limb of Henle's loop (27). It was also thought that the stimulation of K-ATPase activity observed in the collecting duct of K-depleted rats (3,27) was accounted for by upregulation of type I K-ATPase (27). In fact, the present finding that ouabain fully inhibits K-ATPase activity in the collecting duct of K-depleted rats (Table 1 and Fig. 1) demonstrates that type I K-ATPase is downregulated during K depletion and is replaced by a third type of K-ATPase, named type III here. On the one hand, type III K-ATPase differs from type I mainly by its sensitivity to ouabain and by its stimulation by Na+ ions. On the other hand, type III K-ATPase can be distinguished from type II, the other renal ouabain-sensitive K-ATPase, mainly by its sensitivity to Na+ and its upregulation during K depletion and also by its slightly different sensitivities to ouabain and to Sch-28080. These pharmacological differences between type II and III K-ATPases were demonstrated at the level of both the ATP hydrolytic activity and the ouabain binding capacity. The properties of the three types of renal K-ATPase are summarized in Table 4 .
Based on the following observations, it appears likely that type III K-ATPase might correspond to the colonic H-K-ATPase catalytic subunit. First, it was recently shown that only the collecting ducts of K-depleted rats express significant amounts of mRNAs encoding the colonic H-K-ATPase catalytic subunit (14, 18). Second, a recent study indicated that, when expressed in Xenopus oocytes, the rat colonic H-K-ATPase cDNA encodes a ouabain-sensitive pump (4) (whether this pump can also be stimulated by Na+ instead of K+ has not been evaluated). Curiously, however, Sf9 cells infected with a recombinant baculovirus expressed a ouabain-insensitive K-ATPase (17). Although a recent report indicates that gastric H-K-ATPase mRNAs might be expressed in the collecting duct of K-depleted animals (Z), this isoform cannot account for type III K-ATPase activity because it is insensitive to ouabain (16,19>. It should be noted that the molecular identity of types I and II tubular K-ATPase are not known at that stage. Based on their insensitivity to ouabain, it is appealing to propose that type I and gastric K-ATPase might be identical, but results concerning the localization in the kidney and the regulation during K depletion of gastric K-ATPase mRNAs are controversial (1,9, 21,28>.
This study also demonstrates that it is possible to quantitate ouabain-sensitive K-ATPases by their capacity to bind [3H]ouabain. Indeed, it seems reasonable to conclude that Sch-28080-sensitive [3H] ouabain binding corresponds to ouabain-sensitive K-ATPases because 1) both ouabain and Sch-28080 inhibit K-ATPase activity by competition with K+ (Fig. 3) , suggesting that binding of each of them might compete with binding of the other; 2) Sch-28080 displaces ["Hlouabain binding in a dose-dependent fashion (Fig. 5); 3) [3H] ouabain binding and ATPase activities display the same distribution profiles along the nephron of normal and K-depleted rats (Fig. 6) Table 4 ).
Assuming that each K-ATPase unit binds a single molecule of ouabain, it is possible to calculate the specific activity of types II and III K-ATPase, i.e., the number of ATP molecules hydrolyzed per unit time. From data in Fig. 6 , it comes that this specific activity varies in the 1,500-3,000 min+ range for the two types of K-ATPase.
These values are similar to those calculated for tubular Na-K-ATPase (10 inhibited by ouabain (29). These observations are consistent with the pharmacological and kinetic properties of type III K-ATPase described here. The finding that an ATPase activity is sensitive to ouabain and can be activated by Na+ as well as by K+ ions raises the question of whether it is a K-ATPase or a Na-K-ATPase.
Clearly, type III K-ATPase described here is distinct from renal Na-K-ATPase because 1) it does not require the simultaneous presence of the two cations to be stimulated;
2) it is sensitive to Sch-28080; 3) it is not detected in the nephron of normokalemic rats; 4) it has a different distribution profile along the nephron of LK rats; 5) it is upregulated in the CCD of LK rats, conversely to Na-K-ATPase, which is inhibited (12); and 6) as discussed above, it is likely to function as a K+/H+ exchanger.
It has been proposed that P-type K-ATPases consists of three families: the Na-K-ATPases (with the 4 isoforms, (x1-(x,& the ouabain-insensitive K-ATPase (including the gastric K-ATPase and possibly type I renal K-ATPase if distinct from the gastric type), and the ouabain-sensitive K-ATPase [including the colonic form, which is likely identical to type III, type II renal K-ATPase, the ATPlALl gene product (17), and the K-ATPase from amphibian bladder (14)]. It is interesting to propose that this last family might be heterogenous on the basis that some members are activated by Na (type III), whereas others are not (type II). Further studies are needed to determine to which subgroup the other members of this last family belong.
In conclusion, this study indicates that kidney expresses at least three types of K-ATPase with different pharmacological and kinetic properties. These ATPases display specific profiles of distribution along the nephron and their expression is differentially controled during potassium depletion.
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